For design of large-size silicon carbide (SiC) growth system, it is essential to choose induction heating parameters such as frequency and power. Modeling and simulations have been performed on a 2-in SiC growth system to investigate the effects of induction heating on the temperature distribution and growth rate. For frequencies in the range of 4-20 kHz, it is found that the maximum temperature and growth temperature in the growth system increase with the frequency while keeping the same current in the induction coil. For lower frequency induction heating, it is difficult to achieve high temperatures, which may be essential for the growth of high-quality crystals. It is observed from experiments that the quality of SiC crystals is related to the growth temperature. The SiC growth rates as a function of system pressure for different frequencies have been obtained by the theoretical method. r
Introduction
Silicon carbide (SiC) crystals of 50-100 mm diameter grown using the method of physical vapor transport (PVT) are now commercially available [1, 2] . The PVT growth of SiC crystals involves sublimation and condensation, chemical reactions, stoichiometry, mass transport, induced thermal stress, as well as defect and micropipes generation and propagation. Since the defects and micropipes in as-grown crystals are directly related to transport phenomena in the crystal growth system, modeling and simulations have been used by different groups of researchers to develop a basic understanding of physical phenomena and to improve the SiC growth process [3] [4] [5] [6] [7] [8] [9] [10] . Various degrees of system complexity have been considered by these authors, such as electromagnetic field produced by RF heating, generated heat power in the graphite susceptor, radiation heat transfer, temperature distribution and growth kinetics. Hofmann et al. [3] modeled the temperature distributions for a growth temperature of 2573 K and system pressure of up to 3500 Pa. Pons et al. [4] calculated the electromagnetic field and temperature distribution, and found that the predicted temperatures for the seed and powder surface (2920 and 3020 K) are much larger than the external temperatures measured at the top and bottom of the crucible (2390 and 2500 K), while the maximum temperature of the insulation foam on its periphery is about 1000 K. The total pressure is around 30 Torr (4000 Pa) and the growth rate is 1.55 mm/h. Egorov et al. [5] modeled the global heat transfer inside the system for SiC growth in a tantalum container. M . uller et al. [6] calculated the temperature distributions in inductively heated SiC growth reactors in temperatures of 2373-2673 K, and found that the temperatures in the powder are highly non-uniform, predicted radial variations of 30-50 K along the powder surface. Karpov et al. [7] predicted growth rate in the growth of SiC in tantalum container. Chen et al. [8] proposed a kinetics model for SiC vapor growth, predicted growth rate as a function of temperature, temperature gradient and inert gas pressure, and obtained growth rate profile across the seed surface in a 2-in growth system. The powder charge is modeled as a solid matrix with a porosity and an effective conductivity that accounts for both the conduction and radiation in the powder. Selder et al. [9] introduced a modeling approach for the simulation of heat and mass transfer during SiC bulk crystal growth and compared calculated results with the experimental data. R( aback et al. [10] presented a model for the growth rate of SiC sublimation process and estimated the parametric dependencies of the growth rate. Ma et al. [11] modeled the thermal stresses in the growing crystal in a growth system. The growth pressure is 1333 Pa and the temperature at the bottom of crucible is 2200 C. The mass transport from the charge to seed and the growth kinetics determine the growth rate and the crystal shape. The growth rate is a strong function of the growth temperature, temperature gradient, inert gas pressure, charge properties (particle size, porosity, height), the gap between the charge and seed, and many other parameters. It would be very difficult to design the growth system and develop processes for the growth of 50-100 mm crystals without the help of modeling and simulation. The temperatures in the growth system are strong functions of the current in the induction coil and the frequency. Modeling of the growth process in a 2-in growth system is performed, and the effects of induction heating on the temperature distribution and growth rate are discussed here.
Mathematical model
A numerical algorithm has been developed that consists of the calculations of radio-frequency, time-harmonic magnetic field generated by the induction heating, radiation heat transfer in the system, as well as the growth kinetics. The electromagnetic field is obtained by solving the magnetic vector potential equations, and the generated heat power density in the graphite susceptor is obtained by using the eddy current theory. The radiative heat transfer is calculated from the integrated equations for radiation. Chemical reactions and transport of gaseous species, Si, SiC 2 , Si 2 C and SiC, are considered. A growth kinetics model that is based on the HertzKnudsen equation is used to relate the growth rate to the supersaturation of the rate-determining vapor species.
For low frequency (fo1 MHz), the Maxwell's equations can be simplified using a quasisteady approximation. It is assumed that the current in the coil is time-harmonic, and heat generation in the graphite susceptor is caused by the eddy currents. The magnetic vector potential theory is used and the magnetic vector potential equation derived from the Maxwell's equations is
where A is the magnetic vector potential, m m is the magnetic permeability, e m is the permittivity, s c is the electrical conductivity, and J coil is the current density in the coil.
Assuming that the coil and the electromagnetic field are axisymmetric, such that both the current density, J coil ; and the magnetic vector potential, A, have only one angular component with an exponential form
where i is the complex unit, o is the angular frequency, and cc denotes the complex conjugate. The final equation for magnetic potential,
In the above equation, the second term in the lefthand side is negligible. The boundary conditions in an axisymmetric system are:
The generated heat power density in the graphite susceptor can be obtained using the eddy current theory:
where Ã denotes the complex conjugate.
The temperature distribution in the growth system can be calculated using an energy transport equation by considering chemical reactions, latent heat release and radiation:
where r is the density, c p is the isobaric specific heat, q 00 radi is the radiative heat flux normal to the inner surface of a radiation enclosure, and dA and dV are the area over a finite-volume face and the finite volume near the gas/solid interface, respectively. q 00 env is the radiative heat flux to the environment. Subscript eff denotes effective. If the growth rate is low, the latent heat release, q 000 latent ; can be neglected. Radiations inside the crucible and in the top and bottom holes are considered by using the grid-to-grid radiation model [12, 13] .
If the three-dimensional effects are negligible, the symmetric condition can be used:
The environmental condition is
In the charge, SiC powder dissolves into different species, and the basic components of the evaporation of SiC are Si, SiC 2 , Si 2 C and SiC. The content of the other components of evaporation (Si 2 , C, C 2 , C 3 ) in the vapor is insignificant. We assume that the local thermodynamic equilibrium is reached, then the partial pressures of different species in the charge can be obtained [14] . The vapor species is transported from the charge to the seed by the diffusion and the Stefan flow, which is caused by the evaporative phase change of the SiC powder. The vapor species becomes supersaturated near the seed, since the temperatures at the seed is lower than that in the charge. We assume that the growth rate on the seed surface is proportional to the supersaturation of the rate-determining species. The supersaturation becomes the driving force for the deposition of SiC on the seed. The rate determining species are Si, SiC 2 
where subscripts s and g denote solid and gas, respectively. For steady growth, we assume that reactions (9) and (10) are taking place at a ratio of 1:x. For example, when 1 SiC 2 reacts with 1 Si to form 2 SiC, x Si 2 C dissolves into x SiC and x Si. Thus the total quantity of Si, SiC 2 and Si 2 C transported from the charge to seed should be 2, while the growth of SiC should be 2+x. The growth rate of SiC crystal derived from the Hertz-Knudsen(HK) equation is
where p Ã A is the equilibrium vapor pressure of gaseous A,
; a is the sticking coefficient which is set as 1 for the present studies, and M A is the molecular weight of species A. x is related to the ratio of rates of reactions (9) and (10), and is assumed to be 0 here. If x is not zero, one can simply multiply the following calculated growth rates with (1+x/2). The rate-determining species, A, is therefore chosen as SiC 2 at T o 2900 K, as Si at T > 2900 K [14] . Introducing an advective velocity of the species A, the transport of vapor species A can be obtained from a onedimensional mass transfer equation. In the onedimensional system, the flux of species A includes the advection term by Stefan flow and the diffusion term. By assuming the flux of the remaining gas species other than species A as zero, the advective velocity of species A can be obtained. For complete formulations, one can refer to Refs. [12, 13] . Furthermore, the vapor pressure at the source is assumed to be the same as the equilibrium vapor pressure. Here the equilibrium vapor pressures of species Si, SiC 2 , Si 2 C and SiC can be taken from Ref. [14] . The transport equations for electromagnetic field and heat transfer are solved using a numerical scheme based on the control volume method [12] . The grid dependence studies of the numerical scheme and comparisons between the numerical predictions and experimental data for different crystal growth processes can be found in Refs. [13, 15] .
Results and discussions
For growing SiC crystals by using the induction heating method, various frequencies are used by different researchers. For an RF power supply system, the power to be delivered is related to the coupling between the coil and susceptor and the frequency, e.g., the power can be increased if the frequency is increased. Here, we consider a growth system with a coil of 5 turns and a frequency of 8 kHz. Assuming the current density J 0 is real, the contours of the real part of the magnetic potential A 0 for current of 1200 A is shown in Fig. 1(a) . The computational domain is set as À20oz=R s o20 and r=R s o20; where the outer radius of the susceptor, R s ¼ 0:045 m: The magnetic potential almost diminishes at a distance of 20R s from the induction coil. The real part of the magnetic potential reaches maximum around the coil. The contour lines concentrate along the outer surface of the graphite susceptor. As shown in Fig. 1(a) , the contour line, ðA 0 Þ real ¼ 4 Â 10 À5 Wb=m; bends in the top region of the susceptor, passes through the outer portion of the cylindrical susceptor, and bends again in the bottom region of the susceptor. The graphite susceptor functions as a shield weakening the electromagnetic field inside the susceptor. The imaginary part of the magnetic potential is shown
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(a) (b) Fig. 1. (a) . Contours of the real part of magnetic potential, ðA 0 Þ real ; and (b). contours of the imaginary part of magnetic potential, ðA 0 Þ imag ; for current of 1200 A in the coil and frequency of 8 kHz.
in Fig. 1(b) . The absolute value of the imaginary part of the magnetic potential has maximum in the cylindrical graphite susceptor. From Eq. (5), we can see that the main contribution to the power generation in the graphite susceptor is from the imaginary part of the magnetic potential for the present cases.
To investigate the effects of frequency on the temperature distribution, we can keep the current in the coil or the heating power constant. Since there are some power consumptions in the capacitors and the coil, which are cooled by the running water, it is difficult to know what percentage of power goes into the graphite susceptor. However, the current in the coil is related to the voltage, which varies from zero to a certain value, it is possible to calculate the current in the coil from the voltage reading. The temperature distributions in the 2-in system are shown in Fig. 2 for current of 1200 A in the coil and different frequencies. Temperature reaches maximum in the susceptor at the level of the geometric center of the induction coil. The maximum temperature increases with the frequency for the current of 1200 A. Inside the crucible, the temperature has a lower value at the center of the seed because of the cooling effect produced by the top hole. The temperature increases along the radial direction on the seed surface, reaches a high value before the inner wall of the growth chamber. A large radial temperature gradient on the seed surface is important for the enlargement of the seed crystal in the beginning of the growth process. It should be noted that even the radial temperature variation at the seed, about 20 K, is large at the start of the growth, it is still less than the axial temperature variation of about 80 K between the charge and the seed (Fig. 2a) . Therefore the assumption that the mass transfer in the growth chamber is predominantly one-dimensional, can be considered valid. The axial temperature gradient in the growth chamber is about 15 K/cm for the 2-in system (Fig. 2a) . It should be noted that the temperature gradient in the SiC growth system is related to the thermal design such as arrangement of insulations, and the frequency in the range of 4-20 kHz has less effects on the temperature gradient for the present study. Fig. 3 shows the dependence of temperatures in the system on the induction frequency. It can be seen that the maximum temperature increases with the frequency. There is a sharp increase of maximum temperature when frequency is increased from 4 to 6 kHz, and a small increase of maximum temperature when frequency is increased from 10 to 20 kHz. It seems the desirable frequency is in the range of 8-10 kHz for the present system. It should be noted that the current in the coil, which is related to the voltage, is limited. The growth rate is related to both the maximum temperature and the growth temperature, or the difference between the maximum temperature and the temperature at the seed. Temperatures at the top and bottom holes can be measured using the infrared pyrometers and be used to control the maximum temperature or the growth temperature in the system during the growth process. For the case of 8 kHz, the maximum temperature is 2766 K while the measured temperature at the bottom hole is 2552 K (Fig. 3) . Also for the case of 10 kHz, the maximum temperature is 2848 K while the measured temperature at the bottom hole is 2624 K (Fig. 3) . Fig. 4 shows the dependence of the growth rate on the system pressure for frequencies of 8 and 10 kHz. It can be seen from Fig. 4 that the growth rate in the case of 10 kHz is always larger than that in the case of 8 kHz for the same current and pressure when the inert gas pressure is in the range of 4000-30,000 Pa. The growth rate is almost proportional to the reciprocal of the power of pressure when the system pressure is in the range of 4000-30,000 Pa for the present cases. Further experimental studies on the pressure dependence of the growth rate need to be conducted for the present growth system.

Conclusions
Modeling and simulations have been performed on a 2-in SiC crystal growth system. The effects of induction heating on the temperature distribution and growth rate are discussed. For design of the large-size SiC growth system, it is essential to choose induction heating parameters such as the electrical current in the coil and frequency. For frequencies in the range of 4-20 kHz, it is found that the maximum temperature and growth temperature increase with the frequency while keeping the same current in the coil. For the case of lower frequency induction heating, it is difficult to achieve high temperature, which may be essential for the growth of high quality crystals. Fig. 4 . Dependence of the growth rate on system pressure for current of 1200 A in the coil and frequencies of 10 and 8 kHz. Fig. 3 . Dependence of the maximum temperature in the charge, growth temperature at the seed and temperatures measured at the top and bottom holes on the frequency of induction heating. The SiC growth rates for different frequencies and pressures have been obtained by the theoretical method. The growth rate in the case of 10 kHz is always larger than that in the case of 8 kHz for the same current in the coil and the same system pressure for the present system. By using the modeling tool, it is easy to optimize the parameters that are essential for the growth of high quality and large size SiC crystals. For example, we can predict the temperature distribution by just measuring temperatures at the top hole or the bottom hole. We can know how the thermal design be changed to get the required temperature and temperature gradient and how the growth pressure be chosen to have a high growth rate for the present thermal design. The present system can be used to grow 3-in crystals by modifying the thermal design.
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